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Abstract  
The power o f  fu l ly  supe rconduc t ing  r ec t i f i e r s  can  be 
improved by increas ing   e i ther   the   opera t ing   f requency  
or  the  transformer  primary  inductance 111. The 
frequency i s  usua l ly   l imi ted  by the  recovery time of 
thermally  control led  switches.   In   order   to   achieve a 
higher  switching s p e e d ,  magnet ical ly   control led 
switches are preferable  [1,2].   This  paper  describes a 
magnetically  controlled  switch  which  can be  used fo r  
cu r ren t s  up t o  500 A a t  25 Hz. The switch  element, 
consis t ing of  several  Nbl%Zr multif i lamentary supercon- 
duc tors ,  i s  placed  between two concent r ic   so lenoids  
which generate   the  n cessary  magnet ic   f ie ld .  The 
Nbl%Zr superconductor i s  well su i t ed   fo r   t h i s   pu rpose  
because of i t s  r e l a t i v e l y  low c r i t i c a l  f i e l d  (1 0.75 T) 
and  high maximum current   densi ty   (about   5*109 A/m2 
below 0.3 T). 
In t roduct ion  
Necessary  components  of ful ly   superconduct ing 
r e c t i f i e r s  are a t   l e a s t  two superconducting  switches 
which can  be  control led  external ly ,  i.e. ou t s ide   t he  
c ryos t a t .  The maximum operating  frequency of a sc.  
r e c t i f i e r  i s  in  prac t ice  a lways  l imi ted  by the  appl ied  
switches.   Since  increasing  the  frequency i s  one means 
of   increasing  the mean  power of a r e c t i f i e r ,  i t  i s  
advantageous  to  design a sc .   switch  with  very  short  
switching-on and switching-off times. 
A l l  sc. switches have in  common tha t  they  cons is t  o f  
a switch  element  or  gate  that   can be e i t h e r   i n   t h e  
superconduct ing  s ta te   (switch i s  c l o s e d )   o r  i n  t h e  
normal s t a t e   ( s w i t c h  i s  open). The c l a s s i f i c a t i o n  of 
sc.  switches  d pends on the  mechanism used t o  
effectuate   the  superconduct ive  to   normal   t ransi t ion of 
the   ga t .  Two important  types are: thermally 
control led  switches  in   which  the  gate  i s  heated  above 
i t s  c r i t i c a l  t e m p e r a t u r e  Tc and magnetically controlled 
swi t ches   i n  which  an o v e r c r i t i c a l  f i e l d  i s  app l i ed   t o  
the   ga te .   Theore t ica l   cons idera t ions  [ 3 ]  and experi-  
ments  [2] show that   the   highest   switching  speed  can be 
obtained  with a magnet ical ly   control led  switch,   but  
that   his  type  of  switch  has  important  drawbacks: The 
required switch volume i s  r e l a t i v e l y  l a r g e  which l eads  
to   the  chal lenging  problem  of  real iz ing  high  f ie ld  
changes i n  a l a r g e  volume. In   t he   pas t  5 years ,  
s eve ra l  fu l ly  supe rconduc t ing  r ec t i f i e r s  were b u i l t  and 
succesfu l ly   t es ted  a t  the  Twente University  of 
Technology. In  most  of them the  frequency was l imi ted  
t o  below 0.1 Hz while   thermally  switched.   In   order   to  
investigate  the  p rformance  of SC. r e c t i f i e r s  a t  
subs t an t i a l ly   h ighe r   f r equenc ie s ,   s ay  1 t o  10 Hz, w e  
developed a magnetic switch described in this paper.  
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General  aspects of magnetically controlled switches 
Figure 1 g ives  a schematic  representation  of a sc .  
magnet ical ly   control led  switch.  The f i e l d   c o i l   n  
combination  with a con t ro l   un i t  and a power ampl i f ie r  
provides a magnet ic  f ie ld  B a t  the  ga te .  The operation 
of  the  switch i s  i n d i c a t e d   i n   f i g u r e  2.  B is cycled 
between a  low value Bmin a t  which the  ga t e  i s  a b l e  t o  
ca r ry  its design current  and a high value Bmax a t  which 
the  gate  has  the  desired  ‘off-resistance’.  The f igu re  
i s  a p p l i c a b l e   f o r  a s c .   r e c t i f i e r   i n   t h e   i n d u c t i v e  
commutation mode because  switching on  and off  occurs 
p rec i se ly  when t h e   g a t e   c u r r e n t  i s  (passing  through) 
zero.  There i s  no abrupt  change  in R s w  when B i s  
r a i s e d   j u s t  above Bc2 ( f ig .   2b ) .  The reason i s  t h a t  
the  gate   can be p a r t l y  normal i f   t h e   f i e l d   a t   t h e  
switch  element i s  inhomogeneous o r   i f   t h e  s w i t c h  
conductor i t s e l f  i s  inhomogeneous, i .e.  Bc va r i e s  
along  the  conductor.  A hys t e re s i s   e f f ec t   i n   cu rve  
Rsw(B) of  f igure 2 i s  seen. R s w  i s  not  only a func t ion  
_ _ _ ~ -  
of B 
a l s o  
I s w ,  
( t h i s  would  be perfect  magnetic  switching)  but 
depends on t h e  d i r e c t i o n  of B ,  the  leakage current  
the temperature of t he  ga t e ,  e t c . . .  
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Figure 1. Schematic c i r c u i t  of the  magnetic  switch : 
1--control  unit; 2--power amplifier;  3--gate 
terminals; Lsw--self-inductance of the gate;  
Rsw--gate resistance; Lf--self-inductance of 
t h e  c o n t r o l  f i e l d  c o i l .  
The f e a s i b i l i t y  of a magnet ical ly  control led switch 
i s  largely  determined by the  switching losses, which 
must therefore  be minimized. I n  t h e   f i r s t   p l a c e ,  
d i s s ipa t ion   i n   t he   ga t e   cou ld   r a i se  i t s  temperature 
during  the  off-state.   This  temperature  increase must 
be  minimal  otherwise-  the  switch  recovery  time w i l l  
depend  on  thermal d i f f u s i o n  r e s u l t i n g  i n  a combination 
of  thermal  and  magnetic  switching. It i s  ev ident   tha t  
thorough  cooling  of  the  gate i s  indispensable .   In   the 
second  place,   the   overal l   losses   ( including  those  in  
t h e  c o n t r o l  f i e l d  c o i l )  must  be small i f  t h e  s w i t c h  i s  
t o  be  used i n  a h i g h   e f f i c i e n c y   s c .   r e c t i f i e r .  ( A  
r u l e  of thumb i s  t h a t   t h e   a v e r a g e   d i s s i p a t i o n   i n  a 
switch must be less than 1 X o f  t h e  r e c t i f i e r  power). 
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Conductor  choice 
According  to  the  previous  section,  the  switch  must 
have  a  large  off-resistance,  small  switch  volume  and 
low critical field. To what extent we can. satisfy 
these  conflicting  requirements  primarily  depends o  the 
sc. material in the gate. Subsequently we shall 
restrict  ourselves  to  type I1 superconductors  because 
we are of the  opinion  they  are  preferable  for  magnetic 
switching.  Physical  parameters  characterizing  the  gate 
material  are  the  resistivity  of  the  superconductor  in 
the  normal  state  psc,the  critical  current  density Jc, 
and  the  second  critical  field Bq. 
The cross-sectional area of the switch conductor 
necessary  to  carry  the  design  current  Imax  is 
Ac = S * Imax/  (‘IJc) (1) 
Here s is  a  safety  factor  included  to  ensure  a  reliable 
operation  and q is  the  filling  factor  of  sc.  material 
in a  composite  wire.  For  massive  superconductors q can 
be  taken 1. If  a  composite  wire  is  used,  the  matrix 
must  have  a  high  resistivity p m i n  order  not  to  reduce 
Rsw.  The  average  longitudinal  resistivity of the  compo- 
site  is  given  by 
(2 1 
(3 1 
= (psc pm)/(npm+ (I-qlPSc) 
= psc /n if pm>> psc 
The  conductor  length  is  determined  by  the  desired  off- 
resistance 
II=Rsw.Ac 1 p (4) 
The  conductor  cannot  occupy  the  entire  switch  volume 
because  materials  for  cooling,  electrical  insulation, 
and  mechanical  stabilization  must  also  be  present.  We 
assume a filling factor $ for the conductor (so 
Vc = +.Vsw)  and  calculate  Vsw  from (1) and (4) 
s2 RsW I2 vsw = 7 . +n # (5) 
The  importance  of  a  high  energy  density psdc2 and  a 
high  filling  factor  $$can  now  be  seen.  Unfortunately, 
SC. materials with high energy densities have high 
critical fields. It is experimentally observed that 
large values of Jc and B 9  usually go together. 
Furthermore  we  can  conclude  from  the  Gorkov-Goodman- 
relation  that  for  type I1 materials, B% = cl + c2 *psc, 
where cl and c2 are constants. Therefore, a large 
value  of  psc  implies  a  high  second  critical  field. It
is  difficult  to  realize  sc.  coils  which can produce 
large 8.c.  fields. In the  frequency  range of 5 to 50 
Hz, 1 Tesla is sometimes mentioned as a practical 
limit; hence, the value of Jc is also limited. In 
reference [3 ] ,  an optimum  value  of p~~ between 1 and 
2UQ cm is calculated. Our choice of NblXZr with 
Psc=1.8~2 cm  is  close  to  this  optimum. 
Another  important  consideration  is  the  loss in the 
conductors  of  both  the  gate  and  the  control  field  coil 
because  they  are  subject  to  large  field  changes.  The 
dimensions of the sc. material perpendicular to the 
field  must  be  small in order  to  reduce  magnetization 
losses  (for  instance  filaments,  foil,  thin films). Eddy 
current loss in  the  matrix  can,  be  reduced  by  using 
highly  resistive  matrix  material  (for  instance CuNi). 
Data  about  the  conductors  used  for  the  gate  and  the 
field  coil  are  given in table 1. Improvement  is  still 
possible here by scaling down the filament sizes. 
Recent  publications  about 50 Hz multifilamentary  wires 
with very thin filaments ( and low a.c. losses 
are optimistic.  The  commercial  availability  of  these 
wires  however, is still  very  poor  and  the  situation  is 
even worse for multifilamentary wires with a low 
critical  field. 
A distinction  can  be  made  between  three  sources  of 
dissipation. 
- 1 Loss  in  the  field  coil  when  cycled  between Bmin and 
Bmax:  in  case  of  a  CuNi  matrix  conductor,  mainiy 
due  to  magnetization  of  the sc.  filaments  in  the 
coil  windings. 
- 2 Loss  in  the  switch  element  during  the  on-state: 
mainly  due to magnetization  of  the  superconductor in 
the  gate. 
- 3 Loss  in  the  switch  element  during  the  off-state: 
this  ohmic  loss  is  caused  by  a  voltage  across  the 
switch  terminals  during  the  off-state. 
Loss  contibution 3 is for  a  given  application  inversely 
proportional to Rsw.  Reduction of this loss contri- 
bution therefore implies an increased switch volume 
Vsw.  On  the  other  hand,  loss  contributions 1 and 2 are 
proportional  to  Vsw.  Obviously,  there is an  optimum  in 
Vsw  depending  on  the  particular  operating  conditions 
such  as:  frequency,  gate  current,  gate  voltage  during 
off-state, Win, and  Bmax. 
-I I- 
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Figure 2. Theoretic  operation  diagrams  of  a 
magnetically controlled switch. 
Not  only  the  switch  volume  has  to  be  considered,  but 
also  the  geometry of the  switch  element.  The  importance 
of a bifilar arrangement is illustrated by the 
following  advantages: - A changing field at the switch element does not 
induce  a  gate  current  because  it  has  no  magnetic 
coupling  with  the  environment. - The  net  Lorentz  force on the  switch  element  is  zero. - The  self-inductance  of  the  gate  is  small  which  means 
that  energy  storage in the  gate is avoided. - The  self-magnetic  field  caused  by  the  gate  current  is 
small and degradation of the maximum switching 
current  by  this  self-field is therefore  minimized. 
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-_ Table 1. Conductor spec i f i ca t ions  
manufactorer 
ma te r i a l  
N f i l aments  
6 wire [PI 
P, fi lament 
mat r ix  : sc. r a t i o  
[FJ 
psc * 10-8 I n  ml  
5 * 10-8 [Q m l  
JC * 109 [ A b  1 
Bcp at  4.2 K [;I 
( f o r  B below 0.3 T) 
conductor i n  conductor i n  
switch element f i e l d  c o i l  
Supercon 
Nbl%Zr/Cu30%Ni 
18 
310 
48 
1 . 2  
1.8 
3.5 
0.75 
5 
Construct ion of  the switch 
- - ~  The switch element 
MCA 
NbTi/CuNi 
574 
300 
8.6 
1.1 - 
- 
10.5 
7 1  
The  Nbl%Zr multif i lamentary wire ( g i v e n  i n  t a b l e  1 )  
has a c r i t i c a l   f i e l d   o f   a b o u t  0.75 T. I f   t hese   w i re s  
a re  cab led  to  improve the  cur ren t  car ry ing  capac i ty ,  i t  
i s  founa  that   the  maximum cur ren t  is not   p ropor t iona l  
t o   t h e  number of  strands.  Because BC;I is r e l a t i v e l y  
low, the   se l f -magnet ic   f ie ld   due   to   the   ga te   cur ren t  
can  cause a ser ious  decrease of Jc. In   o rder   to   avoid  
th i s   e f f ec t ,   t he   swi t ch   conduc to r  was produced  accor- 
d ing   t o  a new technique:  Subcables  of 4 s t r ands  were 
b i f i l a r l y   t w i s t e d  as i n d i c a t e d   i n   f i g u r e  3.  Adjacent 
s t rands  a lways  carry  opposi te   currents  so t he   s e l f -  
magnet ic   f ie ld  i s  minimized.  Six  subcables  were  again 
twisted  around a central   nichrome  core  to  form a 9 
meter long cable.  This non-inductive cable is wound i n  
two l a y e r s  on the  inner  f ie ld  co i l  and  impregnated  wi th  
STYCAST 2850 FT epoxy.  Thin  copper  heat-drains and 
cooling  channels  between  the two layers   a l low  the  
diss ipated  heat   to   be conducted away i n   a x i a l  
d i r ec t ion .  
Computer ca l cu la t ions  show a maximum se l f - f i e ld   o f  
200 mT a t  I s ~ l  kA f o r   t h i s   c a b l e  geometry. I n   t h e s e  
ca l cu la t ions ,   equa l   cu r ren t s   i n   t he   d i f f e ren t   s t r ands  
a r e  assumed. I n   p r a c t i c e  however, t he   cu r ren t  i s  
usually  non-uniformly  distributed  over  the  strands.  
The measured  off-resistance of  t h e   g a t e  i s  0.6 0 a t  
4.2 K and the self- inductance is approximately 0.2 pH. 
The f i e l d  a t  the  switch  element i s  homogeneous wi th in  
5 X .  I f  we def ine the switch volume V s w  as the  volume 
between  the  inner and o u t e r   c o i l s ,   t h e n   t h e   f i l l i n g  
f a c t o r  $ is only 0.11. It should  be  noted  here  that 
V s w  is l a r g e  enough t o   c o n t a i n  a switch  conductor 
length of  20 metres, g iv ing  $ aO.25 and Rsp1.3 52 . 
,outer  ,switch-switch  -inn r 
Y- 
C o n t r o l  f i e l d  c o i l  ---
The f i e l d   c o i l   c o n s i s t s  of  an  i ner and outer  
so lenoid   w th   ppos i te   cur ren t   d i rec t ions .  The 
avai lable   switch volume Vsw between the  two solenoids 
i s  0.145 l i t r e s .   I n   t h i s  geometry, 60 % of t h e   f i e l d  
energy i s  . concent ra ted   in  Vsw. Furthermore, a 
r easonab le   f i e ld  homogeneity i n  Vsw i s  obtained  being 
90 % of  the m a x i m u m  f i e l d  a t  1 c m  from t h e  c o i l  edges. 
Both solenoids were wound with NbTi/CuNi multifilamen- 
t a r y  wire. 
The use  of a C u N i  matrix imposes  extra demands on  the 
coi l  manufacture:  
1) C u N i  and  epoxy  have a bad thermal  conductivity so 
heat-drains  are  required to  conduct  diss ipated heat  
from t h e  c o i l  i n t e r i o r  t o  t h e  helium  bath.  This was 
achieved by thin copper  wires (0.25 mm d i a )  wich l i e  
i n  a x i a l  d i r e c t i o n  between the winding layers,  with 
a mutual distance of 0.4 mm. 
2) Wires having a C u N i  matrix are extremely  sensi t ive 
t o  mechanical  disturbances.   Th refore  both 
solenoids  were  impregnated  with STYCAST 2850 FT 
f i l l ed , epoxy .  The i n n e r  c o i l  was vacuum impregnated 
and t h e  o u t e r  c o i l  was wet-wound. 
I n  o r d e r   t o estimate the  n cessary amount of 
heat-drains ,  the loss i n  t h e  f i e l d  c o i l  was ca lcu la ted  
according t o  the  method g iven   i n   r e f e rence  141. This 
y i e l d s  0.50 Joule/period for cycling between Bmin=O and 
Bmax=0.75 T -  In   t he   r ange  of i n t e r e s t ,   t h i s  loss per 
period i s  propor t iona l  to  (Bmax-Bmin) . 
Table 2. F i e l d   c o i l   d a t a  
Inne r  co i l :  
ou te r  r ad ius  30 mm, self  inductance 84 mH. 
7 l aye r s ,  2009 tu rns ,   i nne r   r ad ius  25 mm, 
--
Outer   coi l :  7 l aye r s ,  1940 tu rns ,   i nne r   r ad ius  37 mm, 
ou te r  r ad ius  42 mm, sel f inductance  156 mH. 
combination: 
magnet ic   f ie ld   23 mT/A, V s w  0.145 litres. 
wire length  845 m, self- inductance 80 mH, 
switch cable 
0.7 mm spacer 
spacer 
L strand subcable 
centrut nichrome core 
2 strands with opposite 
current direction 
inner coil 
Figure  3a.  C oss-sectional  view of  theswitch.  Figure 3b. Gate  conductor  cross-section. 
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Experimental  resul ts  and d iscuss ion  
The inner  and outer  solenoids  were separately tes ted 
wi th   s inuso ida l   cu r ren t s .  The ou te r   co i l   cou ld   s t ab ly  
generate  f ie ld  ampli tudes above 0.5 T a t  50 Hz and the 
a v a i l a b l e  power was i n s u f f i c i e n t   t o  quench it. The 
i n n e r   c o i l  quenched a t  0.4 T,  50 Hz. Also a t  o the r  
f r e q u e n c i e s ,   t h e   o u t e r ,   c o i l   d e f i n i t e l y  showed b e t t e r  
r e s u l t s   t h a n   t h e   i n n e r   c o i l .  The r eason   fo r ,   t h i s  is 
t h a t   t h e   c e n t r a l   p a r t s   o f   t h e   i n n e r   s o l e n o i d   a r e   n o t  
f i l l e d   w i t h  epoxy a s  a result of  an  imperfect vacuum 
impregnat ion  proces .   In   this   a .c .   coi l ,   the   windings 
and heat-drains   are  so c lose ly  packed, t h a t  a  good 
internal   impregnat ion  with  f i l led  epoxy is  only 
poss ib le  by wet-winding a s  was done f o r  t h e  o u t e r  c o i l .  
The measurements  demonstrate  the  importance  of a good 
mechanical   f ixat ion  of   the  windings.  The combination 
inner louter   so lenoid   can   genera te   the   des i red   f ie ld  
sweep  between 0 and  0.75 T a t  frequencies  of a t  l e a s t  
25 Hz. 
Measurements of the current carrying capacity of the 
switch  element i n  a d .c .   magnet ic   f ie ld   a re   g iven   in  
f igu re  4 .  A s inuso ida l   ga t e   cu r ren t  i s  induced by 
means of a sc. transformer  (primary  inductance 0.26 H, 
secundary inductance 0.5  yH)  which i s  connected  to  the  
ga te   t e rmina ls .  The vol tage  of  a t o r o i d a l  Rogowsky 
. c o i l  around  the  switch  conductor is i n t eg ra t ed  to  g ive  
the  ga t e  cu r ren t .  
Figure 6 shows  measurements  of t he  maximum curren t  
t ha t   can   be   ac tua l ly   swi t ched ,  as a funct ion  of   the 
frequency. The measurements  were  carried  out  for 
Bmin = 0,  F a x  = Bcp,  and T l = T 2 =  30 m s .  I f   t h e  
transformer  primary  current i s  s inusoidal ,   then  the 
ga t e  cu r ren t  w i l l  be a r e c t i f i e d  s i n e  wave as ind ica ted  
i n   f i g u r e  2, The presence  of  an a.c. f i e ld   dec reases  
the  maximum g a t e ,  c u r r e n t  from 1100 A to  abou t  600 A. 
It i s  n o t  l i k e l y  t h a t  t h i s  d e c r e a s e  is caused by lo s ses  
i n  t h e  g a t e  b e c a u s e  we see roughly the same degradation 
f o r   a l l   f r e q u e n c i e s  between  0.5  and  25 Hz. We assume 
tha t   t he   a . c .   f i e ld   i nduces   undes i r ab le   c i r cu la t ion  
cu r ren t s  i n  the  swi t ch  e l emen t  which have a de t r imenta l  
in f luence  on t h e  maximum gate  current .  This  assumption 
i s  confirmed by the  following  experiment.  After  one 
f ie ldsweep to  Bc2 'and back to  zero,  the maximum curren t  
amplitude i s  measured. We find only 600 A and i t  takes  
several   quenches  of   the   gate   before   1100 A is reached 
again. 
Concluding remarks 
We have  developed a production  technique  for  a.c. 
c o i l s  which looks  promising.  Field  amplitudes  above 
0.5 T a t  50 Hz can be generated with such coils,  and a 
g rea t   dea l   o f  improvement is poss ib le  by reducing  the 
hys t e re s i s  l o s s .  
The b i f i la r  swi tch  e lement  can  car ry  i t s  design current  
of 1 kA a t  f requencies  up t o  25 Hz and  d.c. f i e l d s  up 
t o  0.2 T.  During  the  actual   switching  operat ion,   an 
a.c. f i e l d  i s  applied  to  the  switch  element  which 
g ives  a remarkable  decrease  of  the  current  carrying 
capacity.  This  degradated  performance,  and  the 
inf luence  of  parameters   such as Bmin, Bmax, and T 
s t i l l  have t o  be inves t iga ted .  The r e s u l t s  promise a 
good perspective for switching a t  50 Hz. 
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Figure  4 .   Current   carrying  capaci ty   of   the   gate   in  a 
d .c .  magnet ic  f ie ld  a t  var ious  f requencies .  
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Figure 5. Maximum curren t  tha t  can  be  ac tua l ly  swi tched  
wi th  Bmin=O T ,  Bmax=O.75 T ,  and T1=11=30 ms. 
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